Pertussis toxin is transported across the outer membrane of Bordetella pertussis by the type IV secretion system known as the Ptl transporter, which is composed of nine different proteins. In order to determine the relative levels of production of pertussis toxin subunits and Ptl proteins in B. pertussis, we constructed translational fusions of the gene for alkaline phosphatase, phoA, with various ptx and ptl genes. Comparison of the alkaline phosphatase activity of strains containing ptx-or ptl-phoA fusions indicated that pertussis toxin subunits are produced at higher levels than Ptl proteins, which are encoded by genes located toward the 3 end of the ptx-ptl operon. We also engineered strains of B. pertussis by introducing multiple copies of the ptl genes or subsets of these genes and then examined the ability of each of these strains to secrete pertussis toxin. From these studies, we determined that certain Ptl proteins appear to be limiting in the secretion of pertussis toxin from the bacteria. These results represent an important first step in assessing the stoichiometric relationship of pertussis toxin and its transporter within the bacterial cell.
Pertussis toxin (PT) is an important virulence factor produced by Bordetella pertussis, the causative agent of the disease pertussis (whooping cough). The toxin is composed of five different subunits, S1, S2, S3, S4, and S5, that are found in a 1:1:1:2:1 ratio (32) . The S1 subunit is enzymatically active and sits atop a ring formed by the remaining subunits, which are collectively known as the B oligomer (29) .
PT exits the bacterial cell by a complex pathway which is not completely understood. Each of the toxin subunits is believed to be individually secreted across the inner membrane by a Sec-like system. After the subunits have traversed the inner membrane, they assemble to form the holotoxin, which is then transported across the outer membrane by an apparatus known as the Ptl transporter, comprising the nine proteins PtlA to PtlI (5, 8, 33) . The ptl genes encoding these proteins are located on the bacterial chromosome directly downstream from the ptx genes that encode the toxin structural subunits (33) . The ptx and ptl genes are cotranscribed (1, 17) .
The Ptl apparatus is a member of the type IV family of transporters. Other members of this family include the VirB systems of Agrobacterium tumefaciens, Brucella spp., and Bartonella henselae, which are involved in the transport of pathogenic factors across the outer membranes of these gram-negative bacteria (4, 22, 23, 27) . Studies from a number of laboratories indicate that the VirB proteins of A. tumefaciens form a structure that spans a region from the inner surface of the inner membrane through the periplasmic space to the outer membrane, and finally extending outward from the surface of the bacterial cell (6, 11, 14, 18, 25, 26) . The striking homologies between the VirB proteins of A. tumefaciens and the Ptl proteins suggest that the Ptl apparatus likely has a similar architecture.
The mechanistic details of PT secretion remain elusive, including the specific architecture of the Ptl transport apparatus and the mode of interaction of the toxin with the Ptl proteins. Also unknown are the relative amounts of PT subunits and Ptl proteins produced within the cell. Knowledge of the ratio of PT to the Ptl proteins produced within the cell would contribute to our general understanding of the mechanism of secretion of the toxin from the cell.
Since the ptx and ptl genes are located within the same operon and transcription is controlled by a single promoter (1, 17) , the possibility exists that PT subunits and Ptl proteins might be produced in comparable amounts. However, differential transcription and/or translation of regions of the ptx-ptl operon or differential stability of the various Ptx and Ptl proteins could result in markedly different levels of PT and its transporter.
In order to begin to understand the stoichiometry of PT and its transporter, we have constructed strains containing translational fusions consisting of phoA, devoid of its initiation codon, fused to the initiation codons of various ptx and ptl genes. By comparing the alkaline phosphatase activities of these strains, we estimated the relative levels of production of the PT subunits and Ptl proteins encoded by these ptx and ptl genes. In addition, we examined the effects of overexpression of the ptl genes, as well as subsets of these genes, on the secretion of the toxin from the bacterial cell. We found that genes located at the 5Ј end of the operon are transcribed and/or translated at levels higher than those of genes located at the 3Ј end of the operon. Moreover, we found that the Ptl proteins are produced in amounts that are limiting for the secretion of the toxin from the bacterium.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and plasmids. The strains of B. pertussis and Escherichia coli and the plasmids used in this study are listed in Table 1 . B. pertussis strains were grown at 37°C on Bordet-Gengou (BG) agar or in StainerScholte liquid medium. For liquid cultures, cells that had been grown on BG agar plates were suspended in medium to yield an A 550 of 0.2 to 0.5. The strains were then grown in shaking culture for 48 h to an A 550 of 1.2 to 1.5.
Construction of in-frame deletions. (i) In-frame deletion from ptxS1 to ptlD. A 7.1-kb segment of the ptx-ptl operon (diagramed in Fig. 1A ), extending from nucleotide 936 through nucleotide 8003 (according to the numbering system described in references 21 and 33), was deleted from the B. pertussis chromosome as follows. Plasmid pTH14 [pGEM11Zf(ϩ) containing nucleotides 1 to 935 of the ptx-ptl region followed by nucleotides 3515 to 4574 of the same region], which has been described previously (9) , was digested with EcoRI and SalI to yield a 0.9-kb fragment. Using PCR essentially as previously described (13), we amplified nucleotides 8004 to 8965 of the ptl region by using primers 1a and 1b. (All primers used in PCR are listed in Table 2 ). The 0.9-kb fragment from pTH14 and the amplified DNA fragment were inserted into pSS1129. The resulting plasmid was transformed into E. coli SM10 and transferred into B. pertussis BP536 by conjugation as described previously (8) . The BP536 cells in which pAMC159 had integrated into the chromosome by homologous recombination were selected on BG agar containing gentamicin (10 g/ml) and nalidixic acid (50 g/ml). A second homologous recombination was achieved by selection on BG agar containing streptomycin (100 g/ml), resulting in loss of the plasmid as previously described (8) to yield BP536⌬ptxptl936-8003. The 7.1-kb deletion in the ptx-ptl region was verified by PCR.
(ii) In-frame deletion from ptxS1 to ptlA. A 3.0-kb segment of the ptx-ptl region, extending from nucleotide 936 through nucleotide 3941, was deleted from the B. pertussis chromosome as follows. Plasmid pTH14 was digested with EcoRI and SalI to yield a 0.9-kb fragment. Using PCR, we amplified nucleotides 3942 to 4945 of the ptx-ptl region with primers 2a and 2b. The 0.9-kb fragment from pTH14 and the amplified DNA fragment containing nucleotides 3942 to 4945 were inserted into pSS1129. The resulting plasmid was transferred into B. pertussis BP536 and used to create the in-frame deletion as described above.
(iii) In-frame deletion from ptlA to ptlD. A 4.2-kb segment of the ptx-ptl region, extending from nucleotide 3822 through nucleotide 8003, was deleted from the B. pertussis chromosome as follows. First, we PCR amplified a DNA fragment containing nucleotides 3034 to 3821 of the ptl region by using primers 3a and 3b. We then amplified a second DNA fragment containing nucleotides 8004 to 8965 of the ptl region by using primers 4a and 4b. Both segments were inserted into pSS1129. The resulting plasmid was transferred into B. pertussis BP536 and used to create the in-frame deletion as described above. Construction of phoA fusions. (i) ptxS1-phoA fusion. A DNA fragment which included nucleotides 498 to 509 of the ptx region followed by phoA devoid of its initiation codon was generated by using primers 5a and 5b. Chromosomal DNA derived from E. coli HB101 was used as the template for generation of phoA. To minimize the possibility of PCR-generated errors in this sequence (and all other PCR-generated phoA sequences described in this study), a 1.2-kb BsgI-SphI fragment of the amplified DNA was replaced with the corresponding BsgI-SphI fragment from plasmid p2959, which contains phoA (kindly provided by Scott Stibitz, Food and Drug Administration). The phoA gene contained in p2959 has silent point mutations in the two EcoRI sites of phoA engineered into it, resulting in a change of codon 266 from AAT to AAC and of codon 376 from GAA to GAG, but retains the ability to express active alkaline phosphatase. The 5Ј and 3Ј ends of the DNA fragment that were not derived from p2929 were sequenced. pSZH4, a plasmid containing the entire ptx-ptl region from B. pertussis (12) , was digested with EcoRI and XbaI, and the 1.3-kb fragment that was generated was inserted into pUC19. The resulting plasmid was digested with BbsI and HindIII, and the PCR-derived fragment containing ptxS1Ј-phoA, generated as described above, was inserted. The resulting plasmid was digested with EcoRI and HindIII, and the 1.8-kb fragment was inserted into pSS1129 to generate pAMC48, which was then transformed into E. coli SM10 and transferred into B. pertussis by conjugation as described previously (30) . Exconjugants, in which pAMC48 had integrated into the chromosome by homologous recombination, were selected on BG agar containing gentamicin (10 g/ml) and nalidixic acid (50 g/ml).
(ii) ptxS2-phoA fusion. Primers 6a and 5b were used to generate a DNA fragment by PCR. pSZH4 was then digested with XbaI and HindIII to yield a 4.0-kb fragment containing the vector and nucleotides 1 to 1317 of the ptx-ptl region. The PCR fragment containing the ptxS2Ј-phoA fusion was ligated with the digested plasmid. The EcoRI-HindIII fragment from the resultant plasmid was then inserted into pSS1129, generating pAMC17, which was then integrated into the chromosome of B. pertussis BP536 as described above.
(iii) ptlA-phoA fusion. A DNA fragment was generated by using primers 7a and 7b. Next, pSZH4 was digested with XbaI and BamHI, and the resulting 3.4-kb fragment was inserted into the pGEM7Zf(ϩ) vector. The resulting plasmid, pAMC35, was then ligated to the PCR fragment containing the ptlAЈ-phoA fusion which had been digested with BlpI and BamHI. This plasmid was digested with XbaI and BamHI, and the resulting 3.8-kb fragment was inserted into pUC19. This plasmid was then digested with BamHI and HindIII, and the 3.8-kb fragment was inserted into pSS1129, generating pAMC67, which was then integrated into the chromosome of B. pertussis BP536.
(iv) ptlB-phoA fusion. An in-frame gene fusion between ptlB and phoA was constructed as follows. A DNA fragment was generated by using primers 8a and 7b. pAMC35, described above, was digested with BglII and BamHI, and the resulting 1.7-kb fragment was inserted into the BamHI site of the pGEM3Zf(ϩ) vector. This plasmid was then digested with EagI and BamHI and ligated to the PCR fragment containing ptlBЈ-phoA. The resultant plasmid was digested with EcoRI and HindIII, and the 2.6-kb fragment was inserted into pSS1129, generating pAMC107, which was integrated into the chromosome of B. pertussis BP536 as described above.
(v) ptlD-phoA fusion. A DNA fragment was generated by PCR using primers 9a and 5b. Next, pSZH4 was digested with ClaI, and the 5.4-kb fragment was inserted into the ClaI site of the pGEM7Zf(ϩ) vector, generating pAMC5. The PCR-generated DNA fragment containing ptlDЈ-phoA was then inserted into the Bsu36I-HindIII site of this plasmid. The resultant plasmid was digested with PstI and HindIII, and the 2.4-kb fragment was inserted into the pGEM3Zf(ϩ) vector. Next, this plasmid was digested with EcoRI and HindIII, and the 2.4-kb fragment was inserted into pSS1129, generating pAMC121, which was then integrated into the chromosome of B. pertussis BP536 as described above.
(vi) ptlF-phoA fusion. A DNA fragment was generated by PCR using primers 10a and 5b. The DNA fragment was then inserted into the SalI-HindIII site of pAMC5 (described above). Digestion of the resultant plasmid with NotI and HindIII yielded a 2.5-kb fragment which was inserted into the NotI-HindIII site of pSZH4. This plasmid was digested with BamHI and HindIII, and the 5.5-kb
FIG. 1. In-frame deletions constructed in the ptx-ptl region. (A)
The entire ptx-ptl region is depicted along with a diagram of the ptx-ptl region containing an in-frame deletion from nucleotide 936 to nucleotide 8003. The nucleotide numbering system of the ptx-ptl region has been described previously (21, 33) . (B) In-frame deletions of the ptx-ptl region in which the phoA gene devoid of its initiation codon was fused to the ATG initiation codon of ptlF. Underlined sequences are restriction enzyme sites described under "Relevant characteristics." fragment was inserted into pSS1129, generating pAMC28, which was then integrated into the chromosome of either B. pertussis BP536, BP536⌬ptxptl936-8003, BP536⌬ptxptl936-3941, or BP536⌬ptlptl3821-8003 as described above. Plasmid construction. (i) Construction of pAMC111. Plasmid pAMC111, which carries all nine ptl genes under the control of the ptx-ptl promoter, was constructed as follows. Plasmid pTH14 (described above) was digested with SacI and HindIII. The 2.0-kb fragment was inserted into pZErO-1. The resultant plasmid was digested with SapI and HindIII, and the 3.7-kb fragment containing the vector backbone was isolated. Plasmid pSZH4 was digested with SapI and HindIII, and the 9.5-kb fragment was inserted into the 3.7-kb fragment described above. The resulting plasmid, pAMC110, was digested with SacI and HindIII, and the 10.4-kb fragment was inserted into pUFR047, a broad-host-range vector capable of replicating in B. pertussis, which had been digested with the same enzymes, to yield pAMC111.
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After the introduction of pAMC111 into B. pertussis as described below, we were not able to detect extrachromosomal copies of the plasmid. However, we were able to determine that the plasmid had integrated into the chromosome by isolating genomic DNA from B. pertussis BP536::pAMC111 and the wild-type strain B. pertussis BP536 and examining the DNA for copies of the ptx-ptl region by Southern blot analysis. By using MfeI, which cut the integrated plasmid at a single site, and by probing with a labeled oligonucleotide corresponding to nucleotides 3515 to 4574 from the ptx-ptl operon, we observed a single band in B. pertussis BP536, as expected, and two bands in B. pertussis BP536::pAMC111, one of which corresponded to the band seen in the wild-type strain (data not shown). Thus, the plasmid had integrated at only a single site in B. pertussis BP536::pAMC111.
(ii) Construction of pAMC147. Plasmid pAMC147, which carries ptlA, ptlB, and ptlC under the control of the ptx-ptl promoter, was constructed as follows. Plasmid pAMC110 (described above) was digested with SacI and SmaI, and the 4.3-kb fragment containing nucleotides 1 to 935 and nucleotides 3515 to 6895 of the ptx-ptl region was isolated and inserted into pUFR047 to yield pAMC147.
(iii) Construction of pTC11. Plasmid pTC11, which carries ptlD, ptlI, ptlE, and ptlF under the control of the lac promoter, was constructed as follows. A DNA fragment consisting of the coding sequence for ptlD, preceded by the sequence for a ribosomal binding site, was generated by PCR using primers 11a and 11b and was inserted into the EcoRI-XbaI site of pALTER-1, yielding pTC9. Next, a DNA fragment extending from the NotI site in ptlD through the end of ptlF was generated by PCR using primers 12a and 12b and was inserted into the NotIHindIII fragment of pTC9, generating pTC11A. The EcoRI-HindIII fragment from pTC11A was then inserted into pUFR047, generating pTC11.
(iv) Construction of pAMC151. Plasmid pAMC151 which carries ptlI through ptlH under the control of the lac promoter, was constructed as follows. A DNA fragment was generated by using primers 13a and 13b. The amplified DNA fragment was digested with XbaI and HindIII and was inserted into pUC19, which had been digested with the same enzymes, to yield pAMC177. Plasmid pSZH4 was digested with NotI and HindIII to yield a 5.0-kb fragment containing the 3Ј end of ptlD through ptlH. This fragment was inserted into pAMC177, which had been digested with NotI and HindIII. The resultant plasmid was digested with SacI and HindIII, and the 5.0-kb fragment containing the 3Ј end of ptlD through ptlH was isolated and inserted into pUFR047, which had been digested with the same enzymes, to yield pAMC151.
(v) Construction of pAMC171. Plasmid pAMC171, which carries ptlA behind the ptx-ptl promoter in pUFR047, was constructed as follows. Plasmid pTH14 (described above) was digested with EcoRI and SalI to yield a 0.9-kb fragment. A DNA fragment was generated by PCR using primers 14a and 14b. The 0.9-kb fragment and the amplified DNA were inserted into pUFR047 to yield pAMC171.
(vi) Construction of pAMC176. Plasmid pAMC176, which carries ptlB and ptlC behind the ptx-ptl promoter in pUFR047, was constructed as follows. Plasmid pTH14 (described above) was digested with SacI and SalI to yield a 0.9-kb fragment. A DNA fragment was generated by PCR using primers 15a and 15b. The 0.9-kb fragment and the purified PCR fragment were inserted into the 11.0-kb fragment of pAMC147 (described above) that was isolated after digestion of pAMC147 with SacI and AscI to yield pAMC176.
Introduction of plasmids into B. pertussis. The introduction of plasmids with a pUFR047 backbone into strains of B. pertussis by conjugation has been described previously (9) .
Immunoblot analysis of cell extracts and culture supernatants. B. pertussis cells from plate cultures were collected by suspension in 5 ml of phosphatebuffered saline (pH 7.4) to an A 550 of 2.0. B. pertussis cells and culture supernatant fractions from liquid cultures were collected by centrifugation of 5 ml of the culture at 17,000 ϫ g for 10 min. Cells from liquid cultures were suspended in 5 ml of phosphate-buffered saline (pH 7.4). Samples of cells from plate cultures (50 l), cells from liquid cultures (100 l or as otherwise specified), and culture supernatants (100 l or as otherwise specified) were precipitated with an equal volume of 20% trichloroacetic acid or with 2.3 times the volume of 100% ethanol by incubation in a dry-ice-ethanol bath for 30 min. After centrifugation, the precipitates were suspended in 15 l of sodium dodecyl sulfate (SDS) sample buffer.
Samples were subjected to SDS-polyacrylamide gel electrophoresis, performed essentially as described by Laemmli (19) , using 4 to 20% gradient polyacrylamide gels obtained from Bio-Rad Laboratories (Hercules, Calif.). Immunoblot analysis was performed essentially as described previously (3); monoclonal antibody 3CX4 (15, 16) was used to visualize the S1 subunit, and monoclonal antibody P11B10 (10) was used to visualize the S2 subunit. Polyclonal antibodies raised in mice that have been described previously (13) were used to visualize PtlF. Where indicated, blots were scanned with a Bio-Rad GS-800 densitometer and analyzed by using Quality One software. The densities of the bands representing the portions of the S1 subunit that had been secreted and that remained cell associated were determined. The percentage of the S1 subunit that was secreted was calculated as the amount of S1 subunit found in the supernatant divided by the total amount of S1 subunit (supernatant plus cell associated), multiplied by 100.
Alkaline phosphatase assay. B. pertussis strains were grown at 37°C in StainerScholte liquid medium for 48 h to an optical density of 1.2 to 1.5 at 550 nm. B. pertussis cells from liquid cultures were collected by centrifugation of 5 ml of the culture at 17,000 ϫ g for 10 min and were suspended in 5 ml of 1.0 M Tris-HCl (pH 8.0) buffer. Alternatively, cells were grown on BG agar and suspended in 1.0 M Tris-HCl (pH 8.0) to give an A 550 of 2. A serial dilution from 1:5 to 1:320 of the cell suspensions was made by using the same buffer. A 1-ml volume of the diluted cell suspensions was permeabilized by the addition of 30 l of chloroform and 30 l of 0.1% SDS, followed by vortexing. The assay for alkaline phosphatase was performed essentially as described by Brickman and Beckwith (2) . After the addition of 0.1 ml of 0.4% para-nitrophenylphosphate, samples were incubated at room temperature for 15 min, at which time 0.1 ml of 1 M K 2 HPO 4 was added to stop the reactions. The optical density of each sample was read at 420 and 550 nm. Readings in the linear portion of the output curve were used to calculate alkaline phosphatase activity.
Southern blot analysis. Chromosomal DNA was isolated from BP536 and BP536::pAMC111 by using the MasterPure DNA Purification kit (Epicentre). DNA was digested with MfeI and was transferred to Hybond-Nϩ membranes (Amersham Pharmacia Biotech). DNA was probed by using a gel-purified 1.0-kb SalI-BamHI restriction fragment (nucleotides 3515 to 4574) from the ptx-ptl operon that was labeled with alkaline phosphatase.
Statistical analysis. Data are presented as means and standard deviations from triplicate experiments. Statistical significance was determined by using Student's t test. Differences were considered significant when the P value was less than 0.05.
RESULTS
Since the ptx and ptl genes are cotranscribed, PT and its transporter might be produced at comparable levels. Alternatively, the PT subunits and Ptl proteins could be produced in different amounts for a number of possible reasons. For example, regulatory signals, such as attenuators, might exist at points along the operon that could alter the transcriptional efficiency of specific regions of the operon. Or the levels of translation of specific regions of the mRNA might differ such that the quantity of the PT subunits produced would differ from that of the Ptl proteins.
If the ptx and ptl genes are transcribed and translated at comparable levels, then introduction of a large in-frame deletion of the DNA within the region should not affect the production of Ptl proteins encoded by genes located downstream of the deletion. If, on the other hand, the ptx and ptl genes are transcribed or translated at different levels because, for example, either specific regulatory signals exist along the DNA and/or mRNA, different portions of the mRNA exhibit different stabilities, or ribosomes are released from the mRNA after translation of a specific gene and reinitiation of translation at downstream genes fails to occur, then introduction of a large in-frame deletion within the operon should affect the production of Ptl proteins encoded by downstream genes. In order to test whether a large in-frame deletion in this region of the chromosome results in altered production of Ptl proteins from downstream genes, we generated a 7.1-kb deletion, from nucleotide 936 to nucleotide 8003 of the ptx-ptl region, that retained the reading frames of the two partial genes spanning the deletion (Fig. 1A) . With this deletion, the 5Ј end of ptxS1 was fused to the 3Ј end of ptlD, resulting in a gene that encoded a fusion protein consisting of the N-terminal 50% of the S1 subunit of PT and the C-terminal 15% of PtlD. The seven genes between ptxS1 and ptlD (ptxS2, ptxS4, ptxS5, ptxS3, ptlA, ptlB, and ptlC) were deleted in their entirety. Such a deletion would move ptlF approximately 7.1 kb closer to the promoter region of the operon (Fig. 1A) . We then compared the amount of PtlF produced by this strain (BP536⌬ptxptl936-8003) with the amount produced by the wild-type strain (BP536). As seen in Fig. 2 , significantly more PtlF was produced by the strain with the 7.1-kb deletion than by the wild-type strain. In order to determine whether a single regulatory signal along the operon or message might account for the increase in the production of PtlF observed in the deletion strain described above, we constructed additional deletion strains. In each of these deletion strains, we also replaced the ptlF gene with the phoA gene so that protein production could easily be quantified simply by measuring alkaline phosphatase activity (Fig. 1B) . In all of these strains phoA was fused to ptlF such that the fusion gene contained the initiation codon of ptlF followed by phoA devoid of its start codon. We compared the alkaline phosphatase activities of strains with no deletion or with a deletion from nucleotide 936 to 8003, from nucleotide 936 to 3941, or from nucleotide 3822 to 8003. As shown in Fig.  3 , the level of alkaline phosphatase activity increased in proportion to the size of the deletion. Moreover, the two strains containing deletions from nucleotide 936 to 3941 or from nucleotide 3822 to 8003 exhibited similar alkaline phosphatase activities, neither of which reached the level of alkaline phosphatase activity produced by the strain with the largest deletion, spanning nucleotides 936 to 8003 (P Ͻ 0.05). These data are not compatible with the idea that only a single regulatory signal exists along the operon and/or message, deletion of which results in an increase in the production of proteins encoded by downstream genes.
In order to further examine the relative levels of production of proteins encoded by genes in the ptx-ptl operon, we constructed strains in which the phoA gene (devoid of its initiation codon) was fused to the initiation codon of either ptxS1, ptxS2, ptlA, ptlB, ptlD, or ptlF (Fig. 4) , and then we compared the alkaline phosphatase activities of these strains. As shown in Fig. 5 , we found that alkaline phosphatase activity decreased in a relatively linear fashion as the phoA gene was moved from the 5Ј to the 3Ј end of the operon. The amounts of alkaline phosphatase activity produced by the strains containing the ptlDЈ-phoA fusion and the ptlFЈ-phoA fusion were significantly smaller than that produced by the strain containing the ptxS1Ј-phoA fusion (P Ͻ 0.05). These data suggest that production of the Ptl proteins located at the 3Ј end of the operon is lower than that of the PT subunits. In fact, PT subunits may be produced in quantities as much as five times greater than those of Ptl proteins encoded by genes located at the 3Ј end of the operon (Fig. 5) .
Since our data indicate that certain Ptl proteins might be produced in quantities smaller than those of the PT subunits, we wanted to determine whether the Ptl proteins might be limiting in the secretion of the toxin from the bacteria. We first attempted to introduce a broad-host-range vector, pAMC111, containing the ptx-ptl promoter followed by the ptl region, into a wild-type strain. However, we were unable to isolate a strain in which the plasmid containing the ptl region replicated extrachromosomally. Such a finding could be explained if overproduction of Ptl proteins were toxic to the cell. However, we were able to isolate a strain in which the plasmid had integrated into the chromosome (see Materials and Methods for details) such that the strain contained a single extra copy of the ptl region. We examined the production of PtlF in this strain and found that more PtlF was produced in this strain than in the wild-type strain (data not shown), as would be expected if both copies of the ptlF gene within the chromosome of this strain were expressed. We then compared the secretion of PT in this strain containing 2 copies of the ptl region to that in the wild-type strain. As shown in Fig. 6 , we observed that secretion of PT from the wild-type strain (BP536) was inefficient, as reported previously (9). When we examined the secretion of PT from the strain that contains 2 copies of the ptl region (BP536::pAMC111), we found that significantly more of the S1 6 . Secretion of PT from BP536 and BP536::pAMC111. Samples of culture supernatants (100 l) and cell extracts (100 l) of the indicated strains were prepared as described in Materials and Methods. Samples were subjected to SDS-polyacrylamide gel electrophoresis and immunoblot analysis with monoclonal antibody 3CX4 to visualize the S1 subunit of PT. Immunoblots were then subjected to densitometry to quantify the amount of S1 found in the supernatant and cell fractions as described in Materials and Methods. The percentage of the S1 subunit secreted by each strain was calculated as the amount of the S1 subunit found in the supernatant fraction divided by the total amount of the S1 subunit (supernatant plus cell associated), multiplied by 100. Values shown are means Ϯ standard deviations of values determined from three independent experiments. The percentage of the S1 subunit secreted by BP536::pAMC111 was determined to be significantly different from that secreted by BP536 (P Ͻ 0.05).
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subunit was observed in the supernatant of BP536::pAMC111 than in that of BP536. BP536::pAMC111 and BP536 produced approximately the same amount of PT, as determined by densitometry of the amount of PT found in the culture supernatant and the amount that remained associated with the cell (data not shown). These results suggest that the Ptl proteins are limiting in the secretion of the toxin. As a first step in determining which Ptl proteins might be limiting in the secretion of the toxin, we introduced plasmids containing either ptlA-ptlC controlled by the ptx-ptl promoter, ptlD-ptlF controlled by the lac promoter, or ptlI-ptlH controlled by the lac promoter into BP536 to yield strains BP536(pAMC147), BP536(pTC11), and BP536(pAMC151), respectively. As shown in Fig. 7A , an increase in the gene dosage of ptlA-ptlC resulted in a significant increase in the proportion of S1 secreted over that for the wild-type strain. The total amount of PT produced by BP536(pAMC147) was similar to that produced by BP536, as determined by densitometry of the amount of PT found in the supernatant and that associated with the cell (data not shown). Overexpression of either ptlD-ptlF or ptlIptlH did not increase secretion. We examined the amounts of PtlF produced by BP536(pTC11) and BP536(pAMC151) and found that they were greater than that produced by the wildtype strain, thus ensuring that the ptl genes on the plasmids of both strains were being expressed (Fig. 7B) .
Since an increase in the gene dosage of ptlA-ptlC increased the secretion of PT, we next wanted to determine which of these genes might be responsible for the increased secretion. Therefore, we introduced plasmids containing either ptlA controlled by the ptx-ptl promoter or ptlB-ptlC controlled by the ptx-ptl promoter into BP536 to yield strains BP536(pAMC171) and BP536(pAMC176), respectively. We found that neither of these strains exhibited increased secretion of PT relative to that of the wild-type strain, indicating that a combination of ptlA, ptlB, and/or ptlC is needed for increased secretion (data not shown).
DISCUSSION
In this study, we generated translational fusions between phoA and various ptx and ptl genes in order to examine the relative levels of production of PT subunits and Ptl proteins. Because we used translational fusions to examine gene expression, our results for the expression of these genes reflect a combination of both transcription and translation of the genes that were examined. We found that genes located at the 5Ј end of the ptx-ptl operon are transcribed and/or translated more efficiently than those at the 3Ј end; in fact, proteins encoded by genes located at the 5Ј end of the operon may be produced at FIG. 7 . Secretion of PT from strains overexpressing subsets of the ptl genes. (A) Samples of culture supernatants (100 l) and cell extracts (100 l) of the indicated strains were prepared as described in Materials and Methods. Samples were subjected to SDS-polyacrylamide gel electrophoresis and immunoblot analysis using monoclonal antibody 3CX4 to visualize the S1 subunit of PT. Immunoblots were then subjected to densitometry to quantify the amounts of S1 found in the supernatant and cell fractions as described in Materials and Methods. The percentage of the S1 subunit secreted by each strain was calculated as the amount of the S1 subunit found in the supernatant fraction divided by the total amount of the S1 subunit (supernatant plus cell associated), multiplied by 100. Values shown are means Ϯ standard deviations of values determined from three independent experiments. The percentage of the S1 subunit secreted by BP536(pAMC147), the strain which carries extra copies of ptlA-ptlC, was determined to be significantly different from that secreted by BP536, the wild-type strain (P Ͻ 0.05). (B) Samples of cells from plate cultures of the indicated strains were prepared as described in Materials and Methods. Samples were subjected to immunoblot analysis using polyclonal antibodies to visualize PtlF. Results are typical of those seen in replicate experiments. Densitometry of the PtlF band in triplicate experiments yielded values of 0.21 Ϯ 0.04 for BP536, 0.52 Ϯ 0.03 for BP536(pTC11), and 0.37 Ϯ 0.05 for BP536(pAMC151). Densitometry values are expressed in arbitrary units. levels more than five times higher than those of proteins encoded by genes located at the 3Ј end of the operon.
Previously, Nicosia et al. (21) noted the existence of a potential stem-loop structure located in the intergenic region between the ptx genes and the ptl genes and suggested that this region resembled a rho-independent termination signal of transcription. Ricci et al. (24) investigated the role that this region might play in regulation of ptx/ptl expression. They found that deletion of this region resulted in at least a 30% higher accumulation of ptl transcripts. They concluded that this intergenic region contains the information for a weak transcriptional termination that occurs after the transcription of the ptx region and suggested that such a signal might be responsible for the correct equilibrium between the available amount of PT and the amounts of the Ptl proteins that are needed for the transport of PT.
Our results suggest that a single region that regulates the level of transcription of the ptx versus the ptl region is not solely responsible for the differences in the levels of production of PT subunits and Ptl proteins. Additional factors appear to come into play in determining the relative levels of PT and Ptl proteins that are produced within the bacterium, since we found that transcription and/or translation of genes generally decreases across the entire length of the ptx-ptl operon. One possible explanation for differential production of PT subunits versus Ptl proteins might be variation in the stability of portions of the transcribed message. For example, our results can be explained if degradation of the message is initiated more often at the 3Ј end of the message than at the 5Ј end. Another likely explanation for the observation that proteins encoded by genes located at the 5Ј end of the operon are produced at higher levels than those encoded by genes located at the 3Ј end of the operon is that translation may not be reinitiated after the release of ribosomes from upstream genes. Such a phenomenon has been reported to be at least partially responsible for the differential translation of the three genes found within the E. coli lac operon: lacZ, lacY, and lacA (20) . A single ribosomal binding site exists at the 5Ј end of the lac message, and all ribosomes attach to the mRNA at this site. At each stop codon, some of the ribosomes detach. Therefore, the number of ribosomes translating a gene decreases from the 5Ј to the 3Ј end of the message. The ribosomal binding sites of the ptx-ptl operon are not well defined. A sequence resembling the consensus Shine-Dalgarno sequence was identified 9 bp before the ATG initiation codon of the ptxS1 gene (21) . Other such sites have not as yet been identified within the ptx-ptl operon. A number of the ptx-ptl genes may not have an associated ShineDalgarno sequence; rather, translational coupling may occur between genes, since the stop codon of the upstream gene overlaps with the coding region of the downstream gene. Such is the case for ptxS4, ptxS5, ptlC, ptlI, ptlE, ptlF, and ptlH. Thus, a limited number of ribosomal binding sites may exist within the operon. Release of ribosomes at the stop codon of an upstream gene and lack of reinitiation of translation of the message at the start codon of the downstream gene would then lead to a decrease in the production of downstream genes.
Our finding that genes located at the 3Ј end of the operon are transcribed and/or translated at levels lower than those of genes located at the 5Ј end of the operon suggested the possibility that certain of the Ptl proteins might be produced in quantities that are limiting for secretion of the toxin. Indeed, we did find that expression of a second copy of the ptl region resulted in more-efficient secretion. In order to determine which Ptl proteins are limiting, we expressed subsets of the ptl genes. We found that introduction of a plasmid containing ptlA, ptlB, and ptlC under the control of the ptx-ptl promoter resulted in increased levels of secretion of the toxin. In contrast, increases in the gene dosage of ptlD, ptlI, ptlE, ptlF, ptlG, and ptlH had little effect on secretion of the toxin. These results suggest that PtlA, PtlB, and/or PtlC may be limiting in the transport process. A combination of these proteins may be limiting, since increases in the gene dosage of either ptlA or a combination of ptlB and ptlC were not sufficient to increase the secretion of the toxin. The finding that PtlA, PtlB, and/or PtlC appear to be limiting in the secretion of PT was somewhat surprising, since it is the Ptl proteins encoded by genes located at the extreme 3Ј end of the operon that appear to be produced at the lowest levels. Several possible explanations exist for these results. First, PtlA, PtlB, and/or PtlC may be the most labile of the Ptl proteins, and they may be rapidly degraded after synthesis. Second, the possibility exists that multiple copies of one or more of these proteins may be required for the intact transporter apparatus.
In summary, the results presented here suggest that the Ptl proteins, especially those encoded by genes located at the 3Ј end of the operon, are produced at levels lower than those of the PT subunits. In our studies, certain of the Ptl proteins appear to be limiting in the secretion process, since introduction of multiple copies of the genes expressing these proteins results in more-efficient secretion of the toxin. This information represents an important step toward obtaining a solid understanding of the stoichiometry of the PT subunits and the Ptl proteins within the bacteria and the dynamics that exist between PT and its transporter.
